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Abstract. Phenylpropanoids, a class of common phenolic compounds in plants, may
potentially be useful as pest repellents. We investigated the relationship between the chem-
ical structure of coniferyl benzoate and its repellency to birds by comparing coniferyl
benzoate to two analogous natural esters, corresponding alcohols, and benzoic acid. The
absolute and relative feeding repellency of these compounds were assessed in choice (two-
cup) and no-choice (one-cup) tests using European Starlings (Sturnus vulgaris). In addition,
benzoin Siam (= gum benzoin Siam) was compared to coniferyl benzoate to ascertain if
phenolics that naturally occur with coniferyl benzoate in benzoin Siam enhance its repel-
lency.

Two-cup tests suggested that coniferyl alcohol was the most repellent compound followed
by 3,4-dimethoxycinnamyl alcohol, 3,4-dimethoxycinnamyl benzoate, cinnamyl alcohol,
cinnamyl benzoate, coniferyl benzoate, and benzoic acid. The repellency of most alcohols
relative to their corresponding ester reversed in the one-cup tests. One-cup tests suggested
that 3,4-dimethoxycinnamyl benzoate was the most repellent substance followed by cin-
namyl benzoate, benzoin Siam, 3,4-dimethoxycinnamyl alcohol, cinnamyl alcohol, conifer-
yl alcohol, coniferyl benzoate, and benzoic acid.

Three conclusions on structure—activity relationships were inferred from these data. First,
benzoate esters are more repellent than their corresponding alcohols. Second, repellency
is increased by electron-donating groups. Third, acidic functions decrease repellency. We
suggest that one function of naturally occurring coniferyl and cinnamyl derivatives may
be chemical defense. Genetically engineering agricultural crops to produce analogs of conif-
eryl alcohol, as an inherent defense against pests and pathogens, may be possible.

Key words: allelochemical; avian pests; cinnamyl alcohol; coniferyl benzoate, feeding repellent;
genetic engineering; phenols; phenylpropanoid; structure—activity relationships; Sturnus vulgaris.

INTRODUCTION act as herbivore repellents, ultraviolet radiation shields,
and phytoalexins (‘“‘antibodies’), and are structural
components in lignin and suberin (Keen and Littlefield
1979, Hahlbrock and Scheel 1989, Lamb et al. 1989,
Lynn and Chang 1990). Repellent phenylpropanoids
are also utilized by various species of pharmacopha-
gous insects, which produce these compounds as pro-
tection against vertebrate and invertebrate predators
(Nishida and Fukami 1990).

Phenylpropanoids closely related to coniferyl alco-
hol and cinnamyl alcohol, in particular, may represent
especially promising candidates for agrochemicals, be-
cause of their repellency to birds (Jakubas et al. 1989,

. i . Jakubas and Gullion 1990), insects (Cowles et al. 1990,
lglgrl‘gtlé:;?elg geﬁjgsg %J;ﬁuary 1991; revised 5 August Jakubas and Gullion 1991), and plant pathogens (Keen

? Present address: Department of Wildlife Ecology, Uni- and Littlefield 1979). In addition, compounds related
versity of Wisconsin, Madison, Wisconsin 53706 USA. to cinnamyl alcohol are relatively nontoxic to humans

Natural products from higher plants and their ana-
logs are an important source of new agrochemicals
(Cardellina 1988, Cutler 1988). These natural chemi-
cals often pose little environmental risk due to their
low potential for hazardous bioaccumulation and their
specific biological action (Cardellina 1988). Phenyl-
propanoids, a class of common phenolic compounds
in plants (Robinson 1983), may potentially be useful
as pest deterrents. In addition to their more familiar
roles in plant metabolism, phenylpropanoids help pro-
tect plants in a number of ways. Phenylpropanoids can
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(Hoskins 1984). Currently, there is a need to develop
nonlethal repellents to control avian crop depredation
and accidental bird poisonings (Bullard and York 1985,
Dolbeer 1988, Mason et al. 1989, Crocker and Perry
1990). For example, wider use of nonlethal repellents
could lessen the ecological impacts from the annual
spraying of billions of Red-billed Quelea (Quelea que-
lea) with lethal avicides (see Bruggers et al. 1989).

The present study was designed to evaluate the re-
lationship between the structure of coniferyl benzoate
and its repellency (i.e., causing food avoidance) to birds.
Coniferyl benzoate was chosen as the model compound
because of its effect on the feeding behavior of wild
birds (see Jakubas and Gullion 1991). Our experiments
focused on the importance of phenyl ring substituents
and the benzoate ester to the repellency of coniferyl
benzoate. Two analogs of coniferyl benzoate, cinnamyl
benzoate and 3,4-dimethoxycinnamyl benzoate, that
occur in plants (Furia and Bellanca 1975, Kuroyanagi
et al. 1985) were selected to study how electron-do-
nating groups on the phenyl ring affect feeding repel-
lency (Table 1). The importance of the benzoate ester
was determined by comparing the feeding repellency
of coniferyl benzoate and its two analog esters to their
corresponding alcohols (Table 1). Additionally, ben-
zoic acid was tested to determine the contribution of
this moiety to feeding deterrency. The relative and
absolute repellency of each compound was evaluated
using choice and no-choice tests.

METHODS
Chemical synthesis

A Bruker AM-500, 5§ mm probe, nuclear magnetic
resonance (NMR) was used to confirm all chemical
syntheses.

Coniferyl benzoate was obtained by continuous lig-
uid/liquid extraction of benzoin Siam tears number 3
(Alfred L. Wolff, Paris, France). Briefly, benzoin Siam
tears were dissolved in a solution of methanol and
water (90:10) (Shinobu Kato, Shiseido Laboratories,
Yokohama, Japan, personal communication), filtered,
and decanted into a large round-bottom flask. The fil-
tered solution was extracted with pentane in a high
volume Kontes (Vineland, New Jersey) liquid/liquid
extraction system. During the extraction, the solution
in the collection flask was magnetically stirred and not
allowed to exceed 38°C. Extraction periods lasted 24—
48 h and could be repeated up to 3 times per batch.
Upon completion of the extraction, pentane was evap-
orated from the collected solution, and the crude conif-
eryl benzoate purified by crystallization (ether/pentane
at —17°C for a minimum of 24 h [Daniel Joulain,
Robertet, Grasse, France, personal communication)).
Analysis of the crystallized product by proton NMR
indicated that peak assignments matched those re-
ported for coniferyl benzoate (Jakubas et al. 1989).

Coniferyl alcohol was synthesized using Lindeberg’s
(1980) procedure, with minor modifications. First, eu-
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genol was acetylated with acetic anhydride in pyridine
(solute ratio 1 mol:2 mol). Eugenol acetate thus ob-
tained was brominated via N-bromosuccinimide (1
mol:1.15 mol) in carbontetrachloride with barium car-
bonate as an acid-scavenger (solute ratio 1 mol:1.5
mol). The bromo derivative thus obtained was dis-
solved in N,N-dimethylformamide. Potassium acetate
(in molar ratio 10:1 potassium acetate : bromo deriv-
ative) was added and the mixture was kept at 90°C for
1 h. After evaporating the N,N-dimethylformamidc
under reduced pressure, the residue was dissglved in
dichloromethane, washed with water, dried, and evap-
orated. The crude coniferyl diacetate was deesterified
with lithium tetrahydroaluminate. The resulting prod-
uct was purified by column chromatography (silica gel,
hexane: ethyl acetate [2:1]) and crystallized to get co-
niferyl alcohol (melting point 72°-74°C observed; mp
72-73°C, Allen and Byers 1949).

Cinnamyl benzoate was synthesized by benzoylating
cinnamyl alcohol (Aldrich Chemical Company, Mil-
waukee, Wisconsin). Briefly, benzoyl chloride was add-
ed to a mixture of cinnamyl alcohol in pyridine (5 mol
cinnamyl alcohol:I mol benzoyl chloride) at 0°C and
left to warm to room temperature (= 23°C) overnight.
When the reaction was complete, methylene chloride
and water were added to the reaction mixture and the
layers separated. The organic layer was washed with 1
mol/L hydrochloric acid, neutralized with a saturated
solution of sodium bicarbonate, washed with water,
dried, and evaporated using toluene and a rotary evap-
orator. The residue was purified by column chroma-
tography (silica gel, hexane : ethyl acetate {10:1]) and
crystallized.

3,4-dimethoxycinnamyl alcohol was synthesized
from 3,4-dimethoxycinnamic acid following the pro-
cedure of Ponpipom et al. (1987). 3,4-dimethoxycin-
namyl benzoate was synthesized by benzoylating 3,4-
dimethoxycinnamyl alcohol using procedures identical
to those used for cinnamyl benzoate. The product was
purified by column chromatography (silica gel, hexane :
ethyl acetate [2:1]), and crystallized in ether and pen-
tane at —17°C. Melting points and proton NMR peak
assignments of the synthesized products agreed with
published data for 3,4-dimethoxycinnamyl alcohol and
benzoate (see Kuroyanagi et al. 1985, Ponpipom et al.
1987).

Benzoic acid used in the feeding trials was obtained
from Aldrich Chemical Company, Milwaukee, Wis-
consin.

Diet preparation

Compounds to be tested were added to the birds’
test feed (5:1 mixture of chick starter and AVN canary/
finch diet [Purina Mills, Saint Louis, Missouri]) by
dissolving the compounds in ethyl ether, mixing the
ether solution with the feed, and then evaporating the
ether under a ventilation hood. All diets were stored
at —17°Cin closed containers until they were presented
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the 2 wk before pretreatment, birds were provided free
access to a 5:1 feed mixture of chick starter and AVN
canary/finch diet (Purina Mills, Saint Louis, Missouri),
and oyster shell grit (United Volunteer Aviaries, Nash-
ville, Tennessee). Tap water was always available.

Each chemical was evaluated in one-cup (no-choice)
and two-cup (choice) tests. In one-cup tests, intake of
a test substance (i.e., treatment diet) during a given
period is compared to the intake of another substance
(i.e., control diet) presented at a different time. In two-
cup tests animals are presented two diets and are able
to simultaneously discriminate between them (Grote
and Brown 1971). For our experiments, one- and two-
cup tests were composed of a 4-d pretreatment period
followed by a 4-d treatment period. During both pe-
riods, consumption was encouraged by food depriving
the birds overnight.

During pretreatment periods, 24 birds were random-
ly assigned to six groups (n = 4 birds/group; 3 groups/
test regime). Between 0900 and 1100, three groups of
birds received one cup and three groups received two
cups, each containing 10 g of ether-treated feed. Cups
were positioned in the center front of each cage. At the
end of the 2-h period, food cups were removed, and
consumption was recorded. Birds were then given free
access to maintenance feed until lights out.

During the treatment period, one one-cup and one
two-cup test group were randomly assigned to each of
the three chemical concentrations. During the 2-h test
period, one-cup groups were given a single cup con-
taining 10 g of treated feed. Two-cup groups were given
two cups, one containing 10 g of treated feed, and the
other containing 10 g of control feed (treated with ether
only, as in pretreatment). To prevent birds from as-
sociating chemical treatments with cup position (left
or right) or individual cups, the positions of the cups
were alternated and different cups were presented each
day. At the end of the test period, food cups were
removed and consumption was measured. Birds were
left with free access to maintenance feed until lights
out.

Statistical analysis

For two-cup tests, the mean consumption of treated
and control feed by each bird during each experiment
was calculated. Means were examined in a three-factor
analysis of variance (ANOVA) with repeated measures
between cups. The independent factors were chemical
and concentration. In addition, preference ratios were
calculated by dividing consumption of treated feed by
total consumption (treatment and control). Ratios were
examined in a two-factor (chemical, concentration)
ANOVA.

For one-cup tests, mean pretreatment and treatment
consumption by each bird in each experiment was cal-
culated. Means were examined in a three-factor ANO-
VA with repeated measures between periods. The in-
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dependent factors in this analysis were chemical and
concentration.

In all cases, Tukey’s Honestly Significant Difference
(HSD) tests were used to isolate significant (P < .05)
differences among means (Winer 1962:198). Means are
presented * 1 SE.

RESULTS
Two-cup tests

Overall, birds ate more control (3.34 *+ 0.44 g) than
treated feed (1.25 + 0.62) (F = 244.8; 1, 62 df, P <
.00001). This difference was concentration dependent,
as indicated by post-hoc tests on the significant inter-
action (F = 18.6; 2,62 df; P < .00001) between con-
centration and cups.

There were also differences among chemicals. Post-
hoc examination of the interaction between chemicals
and cups (F = 6.4; 6,62 df, P < .0001) showed that
birds given coniferyl alcohol, 3,4-dimethoxycinnamyl
alcohol, or 3,4-dimethoxycinnamyl benzoate ate less
treated feed (0.6 £ 0.3, 0.7 =+ 0.2, 0.9 + 0.3 g, re-
spectively) than did birds given cinnamyl alcohol, cin-
namyl benzoate, or coniferyl benzoate (1.3 £ 0.2, 1.4
+ 0.2, 1.4 + 0.2 g, respectively). However, birds given
benzoic acid ate more treated feed (2.1 + 0.3 g) than
any other group (Fig. 1). Consumption of control feed
among groups was inverse to the consumption of treat-
ed feed.

Finally, post-hoc examination of the interaction
among chemicals, concentrations, and cups (F = 2.03;
12,62 df, P < .03) revealed the following pattern of
significant effects. For benzoic acid, there were no sig-
nificant differences between consumption of treated
and control feeds at any but the highest concentration.
For cinnamyl benzoate, there was no difference in con-
sumption at the lowest chemical concentration, but
significant differences at medium and high concentra-
tions. For cinnamyl alcohol, coniferyl benzoate, and
3,4-dimethoxycinnamyl benzoate, differences in con-
sumption between treated and control feed increased
with increasing concentrations. For 3,4-dimethoxycin-
namyl alcohol, there were no differences in consump-
tion at the lowest concentration, but consumption of
treated feed was essentially eliminated at the medium
and high concentration. For coniferyl alcohol, con-
sumption of treated feed was strongly suppressed at all
concentrations.

Analysis of preference ratios gave a pattern of results
similar to those described above (Fig. 2). First, there
were significant differences among chemicals (F = 9.7,
6,62 df; P < .00001). Post-hoc tests showed that the
lowest preference ratios were associated with coniferyl
alcohol (0.13), 3,4-dimethoxycinnamyl alcohol (0.19),
and 3,4-dimethoxycinnamyl benzoate (0.20). Inter-
mediate ratios were associated with cinnamyl alcohol
(0.27), cinnamyl benzoate (0.32), and coniferyl ben-
zoate (0.33). The highest mean ratio was associated
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Chemical structure and concentration (percent mass) of coniferyt and cinnamyl derivatives tested for inhibition

of feeding by European Starlings in one- and two-cup tests. Concentrations are equimolar among chemicals (113, 56, and

14 umol/g).

Compound

Structure Concentrations tested (%)

Coniferyl benzoate

Coniferyl alcohol

Cinnamyl benzoate

Cinnamyl alcohol

3,4-dimethoxycinnamyl benzoate

3,4-dimethoxycinnamyl alcohol

Ay ot

3.20, 1.60, 0.40
OCHy
CHy —OH
m@f 2.03, 1.01, 0.25
OCH; -
1]
@_/—caz—o—c—Q 2.68, 1.34, 0.66
D—/’“‘?—"” 1.52, 0.76, 0.19
H,w_Qf°”*‘°_°_® 3.36, 1.68, 0.42
OCH,
Y CH, —OH
oo )7~ 2.19, 1.09, 0.27
OCH,
[o]
1.38, 0.68, 0.17

Benzoic acid

0

to the birds. A double blind design was followed when
preparing the diets to prevent possible measurement
biases when measuring feed consumption.

Dietary concentrations for all compounds were equi-
molar with three concentrations of coniferyl benzoate
(113, 56, and 14 umol/g) (Table 1). These concentra-
tions bracket the apparent avoidance threshold of
Ruffed Grouse (Bonasa umbellus) for dietary coniferyl
benzoate (Jakubas et al. 1989, Jakubas and Gullion
1990). Control diets were prepared by mixing the test
feed with ethyl ether and evaporating the ether as de-
scribed above.

Coniferyl alcohol is reportedly sensitive to light and
will decompose slowly upon standing (Allen and Byers
1949; Aldrich Chemical Company, Milwaukee, Wis-
consin). Therefore, its stability in feed was tested prior
to the feeding trials. Four test samples were prepared
by dissolving coniferyl alcohol (4 x 50 mg) (Aldrich
Chemical Company, Milwaukee, Wisconsin) in ether
and applying it to the bird’s test feed (4 x 2.4 g).
Following evaporation of the ether, the samples were
stored under standard room temperature and light con-
ditions for 2-, 4-, and 24-h periods. The fourth sample
was stored in a closed container for 4 d at —17°C.
Samples were extracted with ether and analyzed by
thin-layer chromatography (TLC) for changes in conif-
eryl alcohol content. No significant change in coniferyl
alcohol concentrations occurred in the —17°C sample
or in the samples held under standard conditions for
up to 24 h.

A comparison was made between the efficacy of pure

coniferyl benzoate and Siam benzoin tears (a resin from
Styrax tonkinensis [Adamson 1972]) as feeding repel-
lents. Siam benzoin tears (or gum benzoin Siam) con-
tain coniferyl benzoate, vanillin, benzoic acids, and
cinnamic acids (Windholtz et al. 1983). Analysis by
high-pressure liquid chromatography (HPLC) (Jakubas
et al. 1989, Jakubas and Gullion 1990) indicated that
Siam benzoin tears number 3 (Alfred L. Wolff, Paris,
France) contained 80% coniferyl benzoate. Cinnamyl
benzoate was not found in our benzoin Siam tears
contrary to reports in Furia and Bellanca (1975). Ben-
zoin Siam tears were dissolved in ether, filtered, and
applied to the test feed in a manner identical to the
application of other test compounds. Application lev-
els of benzoin Siam tears were based on its coniferyl
benzoate content and were matched to the test con-
centrations used for pure coniferyl benzoate (113, 56,
and 14 umol/g).

Feeding trials

European Starlings (Sturnus vulgaris) were funnel
trapped in rural New Jersey and Philadelphia, Penn-
sylvania, from January to March, and transported to
the laboratory. This species was used because it has
good chemosensory abilities (Clark and Mason 1987,
Mason et al. 1989, Espaillat and Mason 1990), and
because it is considered an agricultural pest (Glahn et
al. 1989).

Birds were individually caged (dimensions: 61 x 36
x 41 cm) and kept in constant temperature conditions
(=20°C), under an 11:13 h light:dark cycle. During
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with benzoic acid (0.44). Second, there was an inverse
relationship between concentration and preference ra-
tio size (F = 29.4; 2,62 df, P < .00001), i.e., the higher
the concentration, the lower the ratio. Finally, there
was a significant interaction between chemical and con-
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Consumption of treated and control feed by starlings in two-cup (choice) tests. Data show means and 1 sk of the

centration (F = 2.1; 12,62 df; P < .03) (Fig. 2). Post-
hoc tests indicated that preference ratios for all conifer-
yl alcohol concentrations were very low. Preference
ratios for the lowest concentration of 3,4-dimethoxy-
cinnamyl alcohol or 3,4-dimethoxycinnamyl benzoate
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FiG. 2. Mean two-cup preference ratios, calculated by di-

viding treated feed consumption by total (treated plus control)
consumption. A preference ratio of 1.0 indicates absolute
preference for treated feed, a ratio of 0.0 indicates absolute
rejection of treated feed, and a ratio of 0.5 indicates indiffer-
ence between treated and control feed.

were higher than ratios for intermediate and high con-
centrations. Preference ratios for the lowest concentra-
tion of cinnamyl alcohol, cinnamyl benzoate, or conif-
eryl benzoate were higher than ratios for intermediate
or high concentrations. However, the intermediate and
high concentration ratios for these compounds were
greater than ratios associated with intermediate or high
concentrations of coniferyl alcohol, 3,4-dimethoxycin-
namyl alcohol, or 3,4-dimethoxycinnamyl benzoate.
Finally, preference ratios for any concentration of ben-
zoic acid were high, and approached indifference (0.50).

One-cup tests

There were significant differences between periods
and among concentrations. Not surprisingly, birds ate
more during pretreatment than during treatment (F =
622.7; 1,70 df, P < .0001), and showed greater con-
sumption at low concentrations than at intermediate
or high concentrations (F = 33.5; 2,70 df; P < .0001).
There were significant differences among chemicals (F
= 10.8; 7,70 df; P < .0001), and post-hoc tests showed
that overall (pretreatment and treatment) consumption
was lowest for 3,4-dimethoxycinnamyl alcohol (2.9 +
0.3 g) and coniferyl alcohol (3.2 = 0.2 g). The next
lowest consumption was exhibited by birds given 3,4-
dimethoxycinnamyl benzoate (3.5 * 0.3 g) or coniferyl
benzoate (3.7 = 0.2 g). Birds given cinnamyl benzoate
or cinnamyl alcohol showed still higher consumption
(4.0 = 0.3, 4.1 £ 0.2 g, respectively). However, the
highest overall consumption was exhibited by birds
given either benzoin Siam (4.5 = 0.3) or benzoic acid
(4.5 £ 049).

Post-hoc evaluation of the interaction between
chemicals and periods (F = 18.6; 7,70 df; P < .0001)
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showed that all chemicals except coniferyl benzoate
significantly reduced consumption during the treat-
ment period. Examination of the interaction between
concentrations and periods (F = 116.78; 2,70 df, P <
.0001) indicated that differences in consumption be-
tween periods became greater as concentrations in-
creased. Finally, an assessment of the interaction among
chemicals, concentrations, and periods (F = 4.0; 14,70
df, P < .0001) revealed a complex pattern (Fig. 3). At
the lowest concentration, consumption differencqs be-
tween pretreatment and treatment periods were great-
est for 3,4-dimethoxycinnamyl benzoate and cinnamyl
benzoate. Consumption differences for 3,4-dimethoxy-
cinnamyl benzoate were significantly > cinnamyl al-
cohol and benzoin Siam, while benzoin Siam, in turn,
was > coniferyl alcohol, coniferyl benzoate, benzoic
acid, and 3,4-dimethoxycinnamyl alcohol. Coniferyl
benzoate, 3,4-dimethoxycinnamyl alcohol, and ben-
zoic acid produced no drop in consumption at the low-
est concentration; rather, consumption of treated feed
was slightly higher than consumption of untreated feed
for these compounds. At the intermediate concentra-
tion, 3,4-dimethoxycinnamyl benzoate, cinnamyl ben-
zoate, 3,4-dimethoxycinnamyl alcohol, and benzoin
Siam > coniferyl alcohol and cinnamyl alcohol, while
coniferyl alcohol was > coniferyl benzoate and benzoic
acid. At high concentration, benzoin Siam, cinnamyl
benzoate, 3,4-dimethoxycinnamyl benzoate, and 3,4-
dimethoxycinnamyl alcohol were similar in repellency.
3,4-dimethoxycinnamyl benzoate was significantly >
benzoic acid and cinnamyl alcohol, while cinnamyl
alcohol > coniferyl benzoate and coniferyl alcohol.

A comparison of the preference ratios for benzoin
Siam tears and coniferyl benzoate indicates that ben-
zoin Siam tears were significantly (F = 23.04; df 1,17,
P = .0003) more repellent than pure coniferyl benzo-
ate.

DiscussioN

The results of the present studies were partly de-
pendent upon experimental paradigm and chemical
concentration. Overall, the results of two-cup tests sug-
gested that coniferyl alcohol and 3,4-dimethoxycin-
namyl alcohol were slightly more repellent than 3,4-
dimethoxycinnamyl benzoate and cinnamyl alcohol.
In turn, these latter compounds were more repellent
than cinnamyl benzoate and coniferyl benzoate. Ben-
zoic acid was only weakly aversive. Relative repellency
among chemicals varied with concentration. Differ-
ences in repellency among chemicals were attenuated
at low and high concentrations, except for coniferyl
alcohol and benzoic acid. Coniferyl alcohol was sig-
nificantly more repellent than other chemicals at low
concentration, while benzoic acid was significantly less
repellent than all other chemicals at high concentra-
tion.

The overall difference in consumption between one-
cup treatment and pretreatment periods suggested that



May 1992

O Pretreatment

7 - 3.4-Dimethoxycinnamy! Alcohol

6-
54

1
2-
1-

Feed Consumption (g)
o w
- ;

Concentration (umol/g)

7 1 Cinnamyl Alcohol

6-

4-
3-
2 1
14

56 . 113

Feed Consumption (g)
o [3)]

113

14 56
Concentration (pmol/g)
7 A Coniferyl Alcohol
2 6
[ =
£ 5
£
=] 4-
2 31
S 3
3 2]
o 11
w
0 1
14 56 113

Concentration (pmol/g)

71 Benzoin Siam
6-
5 4
4
3-
2
1

Feed Consumption (g)

14 56
Concentration (pmol/g)

FiG. 3.
the means.

3,4-dimethoxycinnamyl benzoate was the most repel-
lent substance, followed by cinnamyl benzoate, and
benzoin Siam. 3,4-dimethoxycinnamyl alcohol was
more aversive than cinnamyl alcohol and benzoic acid,

113
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Pretreatment and treatment consumption by starlings in one-cup (no-choice) tests. Data show means and | s of

and cinnamyl alcohol was more repellent than coniferyl
alcohol or coniferyl benzoate. These final two chemi-
cals and benzoic acid were either weakly repellent (co-
niferyl alcohol and coniferyl benzoate) relative to other
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substances, or offensive only at high concentrations
(benzoic acid). Over the 4-d treatment period, the star-
lings appeared to habituate to coniferyl benzoate and
benzoin Siam treated feed (all concentrations), thus
lowering the overall repellency of these compounds (see
Jakubas and Mason 1991). As in the two-cup tests,
relative repellency among chemicals varied with con-
centration. The least variation in repellency among
chemicals occurred at low concentrations. At the low
concentration, only 3,4-dimethoxycinnamyl benzoate
was moderately repellent while other chemicals showed
little or no repellency. As chemical concentrations in-
creased benzoin Siam, 3,4-dimethoxycinnamyl alco-
hol, and benzoic acid increased in repellency relative
to other chemicals, while coniferyl alcohol and cin-
namyl alcohol decreased in relative repellency.

Two-cup tests are comparatively more sensitive than
one-cup tests for detection of avoidance (Dragoin et
al. 1971); therefore, we argue that one-cup tests provide
a more rigorous measure of repellency in an absolute
sense. For example, in one-cup tests, animals may be
presented with the choice of eating unpalatable food
or going hungry; however, in two-cup tests, the equiv-
alent choice would be between palatable and unpal-
atable foods. Consequently, repellency can be harder
to detect in one-cup tests as compared to two-cup tests.
For this reason, our speculations on structure-activity
relationships are developed from one-cup data. Al-
though relative repellency was affected by concentra-
tion, the overall pattern of repellency among chemicals
(especially at medium and high chemical concentra-
tions) was fairly consistent. Three conclusions were
inferred from these data. First, benzoate esters, in gen-
eral, are more repellent than thcir corrcspoudiug al-
cohols. Second, repellency is increased by electron-do-
nating groups (e.g., methoxy groups). Third, acidic
functions (e.g., acids [-COQH] or phenol groups [-OH])
decrease repellency. The last conclusion is consistent
with an earlier study that used feral pigeons to test the
repellency of cinnamic acids. In that study, 3,4-di-
methoxycinnamic acid and cinnamic acid were inof-
fensive in one-cup tests (Crocker and Perry 1990); how-
ever, we found that the alcohols and/or benzoate esters
of these acids were repellent to starlings, at approxi-
mately the same concentration tested by Crocker and
Perry.

Conversely, our speculations on structure-activity
relations would differ on the role of acidic functions
and benzoate esters, if our conclusions were based on
the two-cup tests. This is principally due to the greater
repellency of the alcohols, particularly coniferyl alcohol
in these tests. The high repellency of coniferyl alcohol
in two-cup tests contrasts with the lower repellency of
other compounds in our study with acidic functions
(benzoic acid and coniferyl benzoate), and similar com-
pounds tested by Crocker and Perry (1990) (cinnamic
acid and 3,4-dimethoxycinnamic acid). Determination
of the properties of coniferyl alcohol that make it an
effective repellent in two-cup tests would help clarify
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the structure-activity relationships observed in our
study.

It is interesting that the repellency of alcohols rela-
tive to their corresponding esters were essentially re-
versed in one- and two-cup tests. Qur data do not tease
apart the roles played by the chemical senses (i.e., taste,
olfaction, and trigeminal chemoreception) or post-
ingestional effects (e.g., gastrointestinal malaise). How-
ever, we speculate that the alcohols may have had more
offensive sensory properties, due to their greater vol-
atility. Conversely, benzoate esters, although less of-
fensive as chemical stimuli, may be more effective in
inducing gastrointestinal malaise, especially when the
birds were food deprived overnight. This result is sug-
gested by the relatively greater repellency of benzoic
acid, at high concentrations, in one-cup tests as com-
pared to two-cup tests (preference ratios 0.28 and 0.40,
respectively). The greater consumption of benzoic acid
treated feed in the two-cup tests may have been due
to the irritating properties of benzoic acid being buf-
fered by the concurrent consumption of untreated feed.
Similarly, in one-cup tests benzoic acid was not aver-
sive unless presented at a high concentration.

Benzoin Siam, a resin from Styrax tonkinensis (Ad-
amson 1972), which is primarily composed of coniferyl
benzoate, was significantly more repellent than pure
coniferyl benzoate at medium and high concentrations.
Even at twice the concentration, coniferyl benzoate
(3.2%) showed less repellency in one-cup tests than
benzoin Siam (1.6% coniferyl benzoate), i.e., prefer-
ence ratios 0.362 and 0.345, respectively. One expla-
nation for the higher repellency of benzoin Siam is that
other phenolic compounds in the resin may interact
with coniferyl benzoate (e.g., synergistic or additive
interactions) to enhance its repellent properties. Con-
versely, the higher repellency of benzoin Siam may be
due to the inherent repellency of its other chemical
constituents. Other phenolic compounds in benzoin
Siam may enhance the repellency of coniferyl benzoate
by increasing the severity of postingestional effects (e.g.,
Jung and Fahey 1983, Lindroth et al. 1988) or by in-
tensifying the sensory qualities of coniferyl benzoate
(see Jakubas and Mason 1991) through the stimulation
of a greater number or variety of sensory receptors (e.g.,
Cowles et al. 1990).

Genetically engineering various agricultural crops to
produce analogs of coniferyl alcohol may be feasible
due to coniferyl alcohol’s widespread occurrence in
higher plants as the primary precursor of lignin. Many
ofthe enzymes involved in the biosynthesis of coniferyl
alcohol and related compounds have already been
identified (Hahlbrock and Scheel 1989, Lewis and Ya-
mamoto 1990). In addition, it may be possible to lo-
calize production of these compounds to specific plant
tissues. For example, in quaking aspen coniferyl ben-
zoate only occurs in the flower bud scales (Jakubas et
al. 1989), and in wheat and oats, cinnamic acid related
compounds predominantly occur in the bran of the
grain (i.e., husks, pericarp, and aleurone) rather than
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in the more nutritious endosperm (Collins 1986,
McCallum and Walker 1990). By localizing the pro-
duction of repellent phenylpropanoids to specific plant
tissues, autotoxic effects (if any exist) could be mini-
mized along with the impact of these compounds on
the nutritional value and palatability of the grain.

Compounds related to cinnamyl alcohol are, in gen-
eral, believed to be relatively nontoxic (Hoskins 1984).
Cinnamyl alcohol and cinnamyl benzoate have been
cleared for human use (e.g., flavorings) by the U.S.
Food and Drug Administration (Hoskins 1984). How-
ever, coniferyl alcohol and coniferyl benzoate have not
been tested for their oral toxicity. The metabolism of
phenolic esters and alcohols is, to a large extent, the
same as that of their corresponding acid (Scheline 1978).
Therefore, the metabolism of coniferyl alcohol and co-
niferyl benzoate should be similar to that of ferulic
acid. In addition, ferulic acid would likely be one of
the metabolic products resulting from the metabolism
of 3,4-dimethoxycinnamyl alcohol (see Solheim and
Scheline 1976). The toxicity of ferulic acid has not been
fully reviewed; however, the minimum lethal dose that
caused any mortality in a test animal (LD, ) was rel-
atively high (mouse LD,, 1200 mg/kg) (Sweet 1987).
However, when ferulic acid or its conjugated form fer-
uloyl glucuronide were metabolized by rat intestinal
microflora, 4-vinylguaiacol (4-hydroxy-3-methoxysty-
rene) was produced (Scheline 1968, 1978). Dietary
4-vinylguaiacol and ferulic acid reportedly interfere with
the reproductive functions of female AMicrotus mon-
tanus (Berger et al. 1977). In addition, dietary ferulic
acid affects the mating behavior of male Japanese Quail
(Coturnix coturnix) (deMan and Peeke 1982). It should
be kept in mind that the metabolism and toxicity of a
given compound can vary greatly among animal spe-
cies. The adverse reproductive effects of 4-vinylguaiacol
may be limited to Microtus montanus;, however, ex-
posure to other styrenes is believed to adversely affect
female human reproductive function (Nisbet and Karch
1983, Dixon 1986). Further toxicological tests on fer-
ulic acid and related compounds appear warranted.

In addition to the structure-activity information pre-
sented here, an indirect result of this study was the
identification of a class of naturally occurring com-
pounds that are repellent to birds. The synthesis of
compounds related to conifery! alcohol in both plants
and insects (see Keen and Littlefield 1979, Jakubas et
al. 1989, Nishida and Fukami 1990) may represent
another example of parallel production of repellents
(see Rodriguez and Levin 1976). Although not all the
physiological roles of these compounds are fully un-
derstood at this time, their repellent properties suggest
that they may have a role in nature as defensive chem-
icals.
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